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ABSTRACT
A COMPARATIVE STUDY OF THE COMPRESSION STRENGTH OF
CORRUGATED SHIPPING CONTAINERS AND CORRUGATED BOARD,
BASED ON DIFFERENT CORRUGATION DIRECTIONS
By
Richard John Curatalo
This study evaluates compression damage to corrugated
shipping containers used in the small parcel delivery
system. A client is experiencing an unacceptable level
of end-to-end compression resistance during shipment
through small parcel companies, while never experiencing
any top-to-bottom compression damage. According to small
parcel company workers, there is a need for more
end-to-
end compression strength in corrugated shipping
containers. This study examines the effect of
corrugation direction on corrugated shipping containers
and corrugated board. Box compression testing (BCT) is
performed on regular-slotted containers with different
corrugation directions. Edgewise compression testing
(ECT) is also used in comparing the compression strengths
of sample corrugated boards with various corrugation
directions. ECT and BCT values directly relate to the
compression resistant properties of corrugated containers
and board. The results of the tests show that
compression strength increases less as corrugation
becomes more perpendicular to the applied force. By
altering the corrugation direction, the end-to-end
compression strength can be increased at a higher




This study evaluated how corrugation direction
affected compression strength of corrugated board
and regular-slotted containers. Other
considerations involving the evaluation of
corrugation directions include the following:
Drop testing boxes with different corrugation
directions .
Determining if McKee's formula is valid, or
developing a formula when corrugation direction is
at various angles.
Performing constant-load compression testing on boxes
with different corrugation directions.
Determining the amount of waste, or scrap material
when die-cutting boxes with various corrugation
directions .
Performing compression test on printed, die-cut boxes
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1 . 0 INTRODUCTION
A typical corrugated shipping container has vertical
corrugation that is perpendicular to the surface of rest.
The top-to-bottom compression strength is different than
the end-to-end compression strength because of the
difference in corrugation direction.
This thesis project will attempt to prove that by
altering the corrugation direction in a corrugated
shipping container, end-to-end compression strength can
be improved without greatly decreasing top-to-bottom
compression strength. The relationship between
corrugation direction and compression strength will be
closely examined.
This thesis project will evaluate the compression
strength of corrugated shipping containers and corrugated
sample boards. Corrugation direction in each shipping
container and sample board will be the variable tested.
This variable will be noted throughout every test, as all
critical data is recorded. The influence that
corrugation direction has on a corrugated shipping
container's maximum resistance and deflection to force
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during compression is unknown. The edgewise crush test
values of corrugated board with different corrugation
directions, are also unknown.
The corrugation direction will be tested in increments of
15 degrees, beginning at 0 degrees and finishing at 90
degrees. All other factors such as the box style, size,
material used, and construction type will remain
constant .
1 . 1 Problem Statement
A client of a corrugated vendor is experiencing
end-to-
end compression damage to corrugated shipping containers
during transportation and storage, without ever any
top-
to-bottom compression damage. The customer ships the
containers through small parcel delivery services, such
as United Parcel Service and Federal Express Companies.
The shipping containers are sometimes stored, handled,
and transported on the end panels. This customer
requires a shipping container with greater end-to-end
compression strength because controlling or changing the
storage and transportation methods are not feasible. A
redesign of the current shipping container is in order,
to solve the customer's problem during small parcel
deliveries .
1 . 2 Subproblems
This thesis will attempt to discover the following from
box and edgewise compression testing:
1) Determine how corrugation direction in a corrugated
shipping container, affects top-to-bottom peak force
values during box compression.
2) Determine how corrugation direction in a corrugated
shipping container, affects end-to-end peak force values
during box compression.
3) Compare the displacement distance of corrugated shipping
containers with different corrugation directions at the
point of peak force during top-to-bottom and end-to-end
box compression tests.
4) Determine how corrugation direction in corrugated sample
board, affects compression strength during edgewise
compression testing.
1 . 3 Hypotheses
A corrugated shipping container that experiences
end-to-
end compression damage during shipment through small
parcel delivery services can be designed with greater
end-to-end compression strength. The following
hypotheses have been established for this thesis project:
1) The corrugation direction in a corrugated shipping
container, greatly influences the peak force values
during end-to-end and top-to-bottom compression. As the
corrugation direction becomes more vertical, the peak
force values will increase linearly.
2) When a corrugated shipping container experiences its
peak force, the container will deflect. The displacement
distance at this point will increase as the corrugation
direction becomes more vertical and peak force increases.
3) The corrugation direction in corrugated sample board
will influence compression strength. As the corrugation
direction becomes more vertical, the maximum force that
the test sample can withstand will increase linearly
before failure occurs.
1 . 4 Assumptions
Weyerhaeuser specifications for the corrugated sheets
used in this project are correct. Test samples are
constructed and tested identically using the same
equipment, material, and personnel for each comparative
test .
Top-to-bottom and end-to-end compression strengths are
very similar when corrugation direction to the applied
force is the same. When corrugation direction to the
applied force is the same, top-to-bottom and end-to-end
compression strengths of corrugated shipping containers
change at identical rates as corrugation direction
changes .
Test results are only comparative within this project so
preconditioning and conditioning for BCT and ECT test
samples is not required. Comparative tests will be
performed on the same day so environmental conditions are
equal during each test.
1.5 Delimitations
This thesis project will not test any other box styles
other than a regular slotted container (RSC) ,
International Fibreboard Box Code 0201. Box compression
test (BCT) and edgewise compression test (ECT) will be
the only means of comparing and testing the corrugated
board in this project. Only constant rate load tests
will be performed during BCT. Constant force load tests
will not be performed. All samples for box compression
testing will be made on the sample-cutting table.
Samples will not be a representative of a true
manufactured box, since stress from the
slitter-slotter-
scorer, printing press, or die-cutter aren't experienced.
Only top-to-bottom and end-to-end compression tests will
be conducted on each test sample, omitting side-to-side
compression testing. Preconditioning and conditioning
for BCT and ECT test samples will not be performed,
because test results are compared only within this study.
1 . 6 Importance of the Study
This thesis project is important because BCT and ECT
values are directly related to compression strength of
corrugated board. The compression, or stacking strength
properties of corrugated shipping containers are vital
factors when considering transportation and warehouse
storage conditions. The BCT and ECT values are the most
important measurements when predicting the performance
characteristics of a container. End-to-end,
side-to-
side, and top-to-bottom compression damage to corrugated
shipping containers can be greatly reduced if the effects
of corrugation directions are known. When choosing a
container with the proper style, board combination, and
corrugation direction an overall compression resistant
and performance-oriented container can be produced.
The corrugated vendor feels it is very important to
resolve the compression damage problem that the customer
is experiencing. The vendor is unable to control the
small parcel delivery environment, but is able to support
new innovative design ideas as the one proposed in this
project. Designing a shipping container with superior
resistance to environmental factors and eliminating
product damage would serve vendor and customer with
financial and team building rewards.
2 . 0 LITERATURE REVIEW
2 . 1 Packaging Introduction
According to The American Heritage School Dictionary
(1977), a package is defined as a wrapped, or boxed
parcel that is able to transport or store one or more
items over a period of time. The main function of a
package is to deliver an item to an end-user, or
consumer, in a safe and timely manner. It should also
clearly identify and protect the product/item and comply
with all requirements of Rule 41 or Item 222 during
transportation .
Packaging is the process of preparing items for
distribution and retailing in various containers such as
plastic or glass bottles, metal cans, or boxes (Leonard,
1986) . "Packaging is a means of ensuring a safe delivery
of a product to the end user in expected condition, at a
minimum overall cost for production and sales while
minimizing amount of resources
used"
(Jonson, 1999, p.l).
In order for these containers to be acceptable, each new
package must be designed and then tested. The most
significant factor affecting the results of the packaging
tests is the decision on which material to use in
constructing the package. An experienced package
designer should know which materials and manufacturing
processes are best suited for a particular item, so that
the desired package can run efficiently through the
manufacturing and packaging line equipment (Olsson &
Raphael, 1979) .
2 . 2 Corrugated Boxes
Corrugated boxes were developed almost 100 years ago.
Corrugated shipping containers have become the most
popular and used container for distribution and storage
all over the world because they are highly reliable and
affordable. Corrugated also has a long history of
changing and improving its physical properties and
consumer appeal. Some of these innovations have made
corrugated stronger, lighter, moisture resistant, and
able to have high-end, four color graphics (Fibre Box
Association, 1999) .
2.3 Characteristics of Corrugated
Corrugated board consists of an outside and inside liner
made of paperboard. The material between these two
layers is called the medium. The medium is fluted on a
corrugator to form a wave-like profile when viewed from
the side. At the top of each flute, glue is applied so
the medium will adhere to each linear or facing. The








Foot Ta ke-up Factor (in.)
A 3/16 33 1.58
B 3/32 47 1.35-1.38
C 9/64 39 1.43-1.45
E 3/64 90 1.30
Figure 1: Flute Properties
Courtesy: FBA Handbook
2.4 Corrugated Testing
When evaluating and choosing corrugated board, stacking
strength is a very important property. Two tests that
predict the stacking strength of a manufactured box are
the edge crush test (ECT) and box compression test (BCT) .
2.4.1 ECT
The results of an ECT will give the maximum load a sample
piece of corrugated can withstand before failure occurs.
The test machine consists of two parallel plates, the
bottom plate remains stationary as the top plate moves at
a constant rate
down toward the sample. The test is
complete when the force on the plates is detected as
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decreasing. The unit of measurement is pounds per inch
width (Fibre Box Association, 1999) .
2.4.2 BCT
The BCT is a top-to-bottom load test on an empty, sealed,
corrugated box. The box is compressed between two
parallel plates in a compression tester machine. Like the
ECT, the bottom plate remains stationary as the top plate
moves at a constant rate downward. The results of the
BCT will give the maximum force needed to compress an
assembled box to failure.
2 . 5 Summary of Seminal Articles and Technical Papers
In recent years, customers have demanded more complex
designs and production runs of corrugated containers from
their corrugated vendors. These conditions must
sometimes be met with competitive pricing, superior
product quality, and just-in-time delivery (Clarke,
1998) .
2.5.1 BCT and ECT Research
A corrugated
container'
s compression strength can be
quickly
estimated by using the ECT-value of the board and
applying it to
McKee's Formula. The ECT-value is
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provided to the customer from the vendor, and is stated
in the box
manufacturer'
s certificate (BMC) of every
container manufactured. This value is represented as
minimum pounds per linear inch (lbs. /in.) that the
corrugated board can withstand before failure. All
ECT-
values consist of testing corrugated board with the
flutes, or corrugation direction, perpendicular to the
applied force (Markstrom, 1988). If the corrugation
direction is not perpendicular to the applied force, then
a theoretical compression strength value of a corrugated
container cannot be concluded.
Box compression testing (BCT) gives accurate and
empirical results which don't involve estimating and
knowing ECT-values of the board (Clarke, 1998) . The BCT
results give instant data on how well a new container
design can withstand compression.
Package design is a critical factor for overall,
end-to-
end and top-to-bottom
compression strength of a
corrugated shipping container during transportation,
loading and unloading,
and warehouse storage (Clarke,
1998) . Forces
such as drops, shocks, vibrations, and
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compression require a shipping container design with a
tolerance to these destructive forces.
Maltenfort (1956) studied the relationship between
top-
to-bottom and end-to-end compression strengths on RSCs of
different sizes. His research was based on many
different box sizes with vertical corrugation during
top-
to-bottom compression. His studies concluded that:
Box size and compression strength are linearly related.
Compression strength and perimeter (2Lx2W) are also
linearly related, as opposed to curvilinear as some
people believe.
The top-to-bottom compression strength is slightly and
negatively related to the depth dimension.
The end-to-end compression strength is mostly affected by
the width dimension. The length and depth dimensions
effect compression only slightly.
Maltenfort (1961) concluded that the formula for board
area enclosing a given volume is at a minimum when L:W:D
= 1:0.5:1. When box compression tests were performed by
Maltenfort (1969) on a 15 . 91"x7 . 95"xl5 .
91"
RSC
constructed of 32ECT C-flute board, the following
resulted:
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Top-to-bottom peak compression = 764 lbs.
End-to-end peak compression = 599 lbs.
Side-to-side peak compression = 1073 lbs.
Figure 2: Top-to-bottom vs. End-to-end vs. Side-to-side.
Side-to-side compression strength was significantly
greater than end-to-end and top-to-bottom compression
strengths for all box sizes tested (Maltenfort, 1969) .
Maltenfort (1985) performed side-to-side BCTs on RSCs
with horizontal versus vertical flutes. The following is
a comparison chart of his findings:
Compression, lbs. (Box size 20"xl6"xl2")
Flute Vertical Horizontal Di fference
A/200 893 1,015 + 14%
C/200 797 1,028 + 28%
C/275 1,195 1,540 +29%
B/275 1,054 1,468 + 39%
Figure 3: Compression Comparison, Vertical vs. Horizontal
Flutes. Courtesy: Performance and Evaluation of Shipping
Containers by G. Maltenfort.
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In 1980, Maltenfort studied how compression load is
distributed upon a 200 psi. test, C-flute, 16"xl2"xll",
RSC. The forces on the panels as compared to edges were
determined. The edges carried 67% of the load and panels
received 33% of the load. An important discovery was
that when the panels began to buckle under force, the
free inner flaps began to move downward. He also
concluded that compression strength of tubes is greater
than compression strength of RSCs of equal size.
Fox and Peterson (1980) showed how corrugated containers
react under compression. One of their conclusions was
that hand-holes can be constructed into containers
without greatly affecting box compression strength (Fox &
Peterson, 1980) . Box compression will commonly be
decreased by only 10% when hand-holes are centered on
length panels and away from edges. Increasing the linear
compression strength of corrugated board is more
important than increasing burst strength when trying to
improve stacking strength (Fox & Peterson, 1980) .
Kellicutt (1962) showed how empty versus filled
corrugated containers react under box compression. Up to
this point in time, most tests have been performed only
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on empty boxes. Rigid contents that do not completely
fill the box and granular contents that prevent the box
from bowing inward were compared (Kellicutt, 1962) .
In 1961, McKee, Gander, and Wachuta examined the
importance of edgewise compression strength and how it
affects top-to-bottom compression testing of RSCs.
Formulas were developed to predict compression strength
of finished containers.
During the literature review, information comparing the
effects of various corrugation directions (15, 30, 45,
60, and 75 degrees to force) on the compression strength
of corrugated shipping containers was not found. The
only comparison found was
horizontal vs. vertical
corrugations, which states that vertical corrugation
(perpendicular to force) gives much superior compression
strength than horizontal corrugation (parallel to force) .
2.5.2 Environmental Research
A basic principal before redesigning and testing
corrugated shipping containers is to fully evaluate the
hazards of the distribution and storage environment
(Clarke, 1998) .
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According to a Federal Express worker (C.Palczyk,
personal conversation, 1/15/00), the following conditions
sometimes occur to corrugated shipping containers during
small parcel shipments:
Containers are sometimes placed on end or bottom panels.
This mostly occurs when the end panels and bottom panels
are of the same dimensions, such as a 16"x8"xl6".
Labels stating "THIS SIDE
UP"
on containers are
accidentally not followed or noticed.
Containers are stacked and stored upon each other with no
regard to corrugation direction.
The result of these, mostly unavoidable, handling
conditions commonly cause end-to-end compression damage
to corrugated shipping containers during small parcel
deliveries .
"..No matter how brilliant the idea, nor ingenious the
design.. no matter what the industry, nor how good the
sales effort.. it's all a waste if the customer receives
damaged product . "-stated by Drs . Richard Brandenberg and
Julian Lee in Fundamentals of Packaging Dynamics, 1993
(Clarke, 1998, p. 27) .
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In 1975, Ievans studied how warehouse mishandling leads
to compression damage to corrugated boxes. Compression
strength in a stack of boxes and pallet overhang were
examined.
Godshall and Ostrem (1979) accumulated data that examined
many of the hazards encountered by cargo during shipment
by common carrier. The transportation included common
carrier motor freight, railcar, aircraft, and ship
(Godshall & Ostrem, 1979) . Shock, vibration, impact,
compression, and temperature and humidity were all
conditions of interest in the collection of data.
3 . 0 MATERIALS AND METHODS
3.1 Box Compression Test
The box compression testing (BCT) for this project was
performed at:
Weyerhaeuser Company
365 Upper Oakwood Avenue
Elmira Heights, New York 14903
3.1.1 Equipment
The equipment used for the BCT during this project
consisted of a box compression tester, sample
cutting-
table, and computer aided drawing system. This equipment
was all located in the Design/Sample Department of
Weyerhaeuser Company at Elmira Heights, New York.
3.1.1.1 Compression Tester
The compression tester used in this study was
manufactured by L.A.B., model Validator 1 Box Compression
Tester (see figures 8 & 9) . The platen size is 30"x 42",
and has a maximum downward force of 2200 lbs. This
machine complies with ASTM and TAPPI. This machine is
connected and operated through a personal computer with
ValView Software (see figure 11). ValView Software runs
this fully automated test system which enables the user
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to store BCT data and set-up test parameters more
easily.
ValView also graphs the force vs. displacement on the
computer screen during each BCT. These graphs can then
be printed-out and saved. The peak force, peak
displacement, end force, and end displacement of each BCT
is measured with this machine. The following is a list
of test parameters that can be set according to user
needs :
Pre-load = Off, 50, 100, 500 lbs.
Fallback = Off, 10, 20, 30, 40 %
Displacement Limit = Off, 0.5, 1.0, 1.5, 2.0, 3.0 in.
Units = English/ (Metric)
Autoprint = On/Off
Printer Grid = On/Off
Force Scale = 100, 200, 500, 1000, 2000, 5000, 10,000,
20,000, 50,000, 100,000 lbs.
Displacement Scale = 1.0, 2.0, 3.0, 4.0, 5.0 in.
Time = xx : xx Hours : Minutes
Date = xx/xx/xx Month/Date/Year
Beeper = On/Off
Baud Rate = 1200, 2400, 4800, 9600
Courtesy: L.A.B. Validator 1 Instruction Manual
Figure 4: Constant rate test parameters
The compression tester is
capable of constant rate and
constant force testing. Constant rate tests control the
velocity of
the motor, which drives the top platen
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downward on top of the box. During the constant rate
test, the motor works at 50 RPM which causes the top
platen to travel down at a constant rate of 0.5 inches
per minute. At one revolution of the motor, the platen
travels downward 0.010 inches. The constant rate test
will continue until one of the following conditions
occurs :
A) A programmed fall-back limit has been reached.
B) A programmed displacement limit has been reached.
C) The maximum force of the machine is exceeded.
D) TEST STOP button is pressed.
E) The lower limit switch has been reached.
F) TEST PAUSE button is pressed.
G) The Emergency Stop switch has been pressed.
Courtesy: L.A.B. Validator 1 Instructional Manual
Figure 5: Constant rate test conditions for stopping.
The optional constant force testing is achieved by
controlling the
applied force on the test sample. A
determined force is programmed into the computer. The
platen moves downward toward the test sample at a rate of
0.5 inches per minute. The platen will stop when the
target force is detected on the test sample. The
displacement is now zeroed and the target force will be
maintained within +5 lbs. If the target force moves out
of range, then
the platen moves downward at a rate of 0.1
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inches per minute to move the force value back to the
target force range. The displacement of the top platen
on the test sample will be monitored over time. The
constant force test will continue until one of the
following conditions occurs:
A) A programmed time value has elapsed.
B) A programmed displacement limit has been reached.
C) The maximum force of the machine has been exceeded.
D) The TEST STOP button is pressed.
E) The lower limit switch has been reached.
F) The emergency stop switch has been pressed.
Courtesy: L.A.B. Validator 1 Instructional Manual
Figure 6: Constant force test conditions for stopping.
3.1.1.2 Sample Cutting-Table
A sample cutting-table is used for cutting corrugated
samples that are designed and drawn on a computer aided
drawing system. They are commonly used for customer
samples, checking design specifications,
and small order
runs of less than 100 pieces. Since cutting-tables are
very expensive, only
few corrugated plants have invested
in them. They are not only much faster than making
samples by hand, but can cut designs that are too complex
and detailed to do by hand. A
16"x8"xl6"
RSC can be cut
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and scored in approximately 1 minute on the
cutting-
table.
A flat corrugated sheet is placed on top of the
cutting-
table surface with the outside of desired box, surface
facedown. The vacuum, which sucks airflow into the
table, is turned on to hold the corrugated sheet in place
while cutting. The desired file design is then called-up
on the computer. The computer then sends the file to the
table and is ready to cut. The operator pushes the START
button on the control panel of the cutting-table. The
cutting-head first scores the sheet where indicated on
the design and then cuts with a moving metal blade. When
finished, the cutting-head will rise and the operator
turns off the vacuum.
The Kongsberg, model CM 1930, cutting-table was used for
cutting all
samples in this project (see figure 12) .
3.1.1.3 Computer Aided Drawing System
The computer aided drawing system used to design
corrugated test sample boxes for this project, was
manufactured by Artios
Corporation (see figure 13) . The
software program is called
LaserPoint.
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LaserPoint allows the packaging designer to pick from
a
library of commonly used box styles. Once the box style
is determined, the material and inside dimensions can be
quickly entered into the design. The designer can then
modify the design with desired scoring allowances, slot
widths, glue flap style, etc. The finished drawing can
then be dimensioned, and any desired note texts can be
included with the drawing file. The drawing can now be
saved, printed-out on paper, or sent to the
cutting-table
for a manufactured sample.
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3.1.2 Sample Containers
All sample containers were made from the same material
and corrugate run (see figures 14 & 15) . The corrugated
board was manufactured onsite at Weyerhaeuser Company,
Elmira Heights, New York. The board specifications,
according to Weyerhaeuser, are as follows:
Edge Crush Test Value = 32 lbs. per in. width
Bursting Test Strength = 200 lbs. per sq. in.
Basis Weight Outside Liner = 35 lbs. per 1,000 sq. ft.
Basis Weight Medium Liner = 26 lbs. per 1,000 sq. ft.
Basis Weight Inside Liner = 35 lbs. per 1,000 sq. ft.
Flute Size = B
Grade = Kraft
Caliper of Combined Board =
1/8"
Figure 7: Corrugated Board Specifications
Seven types of RSCs were tested for this project. The
RSCs all have the same inside dimensions of
16"x8"xl6"
(see appendix C) . The only variable is the corrugation
direction. The corrugation direction increases in
increments of 15 degrees, ranging from 0 degrees
(perpendicular to slots) to 90 degrees (parallel to
slots) . A total of
seven different corrugation
configurations within an RSC, were designed on the
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Laserpoint Computer Aided Drawing System. Twenty samples
of each corrugation, totaling 140 samples, were cut on
the Kongsberg Cutting-Table. Hot-melt adhesive from a
glue-gun, was used to bond the manufacturer's joint to
the inside of the container.
3.1.3 Procedures
The procedure followed for compression testing of all
samples, was
Weyerhaeuser'
s BCT Procedure. This
procedure closely relates to TAPPI T-804-97 (Compression
Test of Fiberboard Shipping Containers) and ASTM D-642-94
(Standard Method of Determining Compressive Resistance of
Shipping Container Components of Unit Loads).
Weyerhaeuser at Elmira Heights, New York does not have
conditioning or preconditioning facilities, so neither
was performed. Since the compression test data is only
comparative within this study, conditioning and
preconditioning were not considered imperative. If
conditioning and preconditioning facilities were
available, TAPPI T-402-93 (Standard Conditioning and
Testing Atmospheres for Paper, Board, Pulp Handsheets and
Related Products) or ASTM D-685-93 (Standard Method for




Day 1 : The corrugated board for this project was ordered
through the production manager at Weyerhaeuser. The
desired specifications of the board were stated on the
order form.
Day 2 : The corrugated boards were delivered to the
Sample/Design Department at Weyerhaeuser. The blank
sheet size was 60"xl00". The room temperature at time of
delivery was 72 degrees Fahrenheit at 45% humidity.
Day 3: The 7 styles of RSCs were drawn on the Artios
LaserPoint System. The drawing files were sent to the
computer terminal that is connected to the Kongsberg CM
1930 Sample Cutting-Table. All 140 samples, 20 of each
style, were cut on the
cutting-table. Approximate
cutting time was 6
hours. RSC samples were glued inside
at manufacturer's joint with hot melt glue.
Day 4: All RSC
test samples were prepared for BCT.
Samples were sealed according to ASTM D-642 using 2
inches wide, transparent,
pressure sensitive tape. The
tape was manufactured by 3M Packaging Systems Division
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and is approved by U.S. Postal regulations. Minor flaps
were not glued to major flaps since this would alter
compression strength.
The L.A.B. Validator 1 Compression Tester was set-up with
the following test parameters: Pre-load = 50 lbs.
Fallback = 10%
Displacement Limit = Off
These parameters state that 50 lbs. of force was applied
to the test sample before the testing began.
Displacement was zeroed after the 50 lbs. pre-load was
applied. Each test was complete after the peak force was
reached and declined by 10% (end force) .
Top-to-bottom and end-to-end compression tests were
performed. The testing order started with o degree
corrugation samples, and increased by 15 degrees until
the final sample lot of 90 degrees corrugation samples.
Single test samples were placed on the center of the
stationary bottom platen. Top platen was moved downward
until the pre-load force of 50 lbs. was reached. BCT was
then ready to
start. The start button was pressed as the
top platen began to
move downward, compressing the RSC,
at a constant rate of
0.5 inches per minute (see figure
10) . Tests were completed
when end force equaled 80% of
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peak force. Peak force and peak displacement of each
test sample was recorded. Top-to-bottom and end-to-end
compression tests were performed on 10 samples each, for
each corrugation configuration. The testing room
temperature varied between 73-74 degrees Fahrenheit and
45-48% relative humidity. Total test time for all 140
samples was approximately 8 hours.
3.2 Edgewise Crush Test




Rochester, New York 14612
3.2.1 Equipment
The equipment used for the ECT during this project was as
followed: an edge crush tester, a sample cutter, and an
electric burner. This equipment was all located in the
quality lab at
Weyerhaeuser Company at Rochester, New
York.
3.2.1.1 Edge Crush Tester
The machine used to obtain ECT values for the corrugated
samples in this project was manufactured by Testing
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Machines Incorporated, model TMI-17-09 (see figure 16) .
The machine is similar to the box compression tester in
that two parallel platens apply a force on the test
sample. The top platen moves downward toward the test
sample as the bottom platen remains stationary during the
test. The peak force applied to the sample was shown as
a digital readout on the front panel of the machine, in
units of pounds. The top platen moved at a constant
velocity of 0.5 inches per minute until failure occurred.
3.2.1.2 Sample Cutter
The sample cutter was used quickly and accurately to cut
the corrugated board (see figure 17) . The bottom guide
was measured to the correct specification of the test
samples so the blank board would rest flat against the
edge. The cutter-head was pulled across the board for an
even cut .
3.2.1.3 Electric Burner
The electric burner melted the wax used in this project.
A
6"
metal pan was placed on top of the burner to melt
the small chunks of wax (see figure 18) .
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3.2.2 Test Samples
All test samples were made from the same material and
corrugate run (see figure 18). The same corrugated board
was used in the ECT, as in the BCT. The board was
manufactured onsite at Weyerhaeuser Company, Elmira
Heights, New York. The board specifications according to
Weyerhaeuser are shown in Figure 7.
Test samples consisted of 7 styles, 15 of each style.
The styles range from 0 degree corrugation to 90 degree
corrugation, increasing in increments of 15 degrees. The
test sample size was
1.25"x2.0"
(see appendices D) .
3.2.3 Procedures
The procedure followed to find the ECT-values of the test
samples, was
Weyerhaeuser'
s ECT Procedure. This
procedure closely relates to TAPPI T-811-95 (Edgewise
Compressive strength of Corrugated Fiberboard (Short
Column Test) ) and ASTM D-2808-84 (Compressive Strength of
Corrugated Fiberboard (Short Column Test) ) . Since the
compression tests are only comparative within this study,
conditioning and preconditioning were not performed. If
conditioning and preconditioning facilities were used,
TAPPI T-402-93 (standard Conditioning and Testing
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Atmospheres for Paper, Board, Pulp Handsheets and Related
Products) or ASTM D-685-93 (Standard Method for
Conditioning Paper and Paper Products for Testing) would
be followed.
3.2.4 Methodology
The corrugated board, used in this ECT, was from the same
production run at Weyerhaeuser as the BCT. Seven sheets,
of
15"xl5"
corrugated boards, were delivered to the
quality lab at Weyerhaeuser in Rochester, New York. The
quality lab room temperature was 73 degrees Fahrenheit
at
50% relative humidity.
The seven styles of test samples were cut to
1.25"x2.0"
using the sample
cutter. After fifteen samples of each
sample were cut, a pencil was used to
indicate the
corrugation direction on each sample.
The electric burner was turned on to
125 degrees
Farenhiet to melt the paraffin wax in the
metal pan. The
samples'
edges were dipped into molten paraffin wax, to
reinforce the edges. Each
sample edge was dipped in the







too rapidly up the surface of the
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samples, the burner temperature was turned down. Samples
were placed on paper toweling for 30 minutes to allow the
paraffin to dry.
The ECT was now ready to be performed on all prepared
samples. The 0 degree corrugation test samples were the
first to be tested, followed by 15, 30, 45, 60, 75, and
90 degree corrugation samples respectively.
The edge crush tester, TMI-17-09, power was turned on. A
single sample was placed along the
2.0"
dimension on the
center of the bottom platen. Metal guide blocks were
used to hold the sample in position (see figure 16) .
The top platen speed was set at 0.5 inches per minute.
The top platen was lowered automatically on the machine's
control panel, so that the platen just touched the test
sample. The start button was then pressed as the top
platen applied a downward force upon the test sample.
The sample failed at a given force value that appeared on
the control panel of the machine (see figure 18). That
value, which was in pounds, was recorded for all samples.




Figure 8: L.A.B. Box Compression Tester, Starting
Position
Figure 9: L.A.B. Box
Compression Tester, Ending Position
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Figure 10 : Box Compression Tester Control Panel
Figure 11: ValView Software
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Figure 14 : RSC Gluing Process
Figure 15 : RSC Knocked-Down-Flat (KDF)
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Figure 16: Edge Crush Tester
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4 . 0 DATA AND RESULTS
4.1 Collection of Data
The data collected during the BCT included the maximum, or
peak force a corrugated shipping container could withstand
before failure. At the point of peak force, the
displacement of the container was also recorded. Appendix A
contains a complete record of data for each test.
The only data collected during the ECT was the maximum
force that a test sample could withstand before failure.
Appendix B contains a complete record of data for each
test .
4 . 2 Evaluation of Data
The average peak force and displacement increased, as the
corrugation direction became more perpendicular (90
degrees) to the applied force. The increase percentage
decreased as the corrugation direction became more
perpendicular to the applied force.
The following charts, figures 19-26, evaluate the box
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4.2.1 BCT Analysis
The calculations in this section were based on test result
data found in Appendix A, Table A-l to A-7 .
The average peak force during top-to-bottom compression
decreased as the corrugation direction went from 90 to 0
degrees. This decrease was not linear as hypothesized.
The decrease was as follows:
90 to 75 degrees -- -- 14 8 lbs. (2.4%) decrease
75 to 60 degrees -- -- 27 3 lbs. (4.5%) decrease
60 to 45 degrees -- -- 50 5 lbs. (8.7%) decrease
45 to 30 degrees
-- -- 47 1 lbs. (8. 9%) decrease
30 to 15 degrees
-- -- 59 5 lbs. (12.3% ) decrease
15 to 0 degrees
-- -- 61 8 lbs. (14. 6% ) decrease
Figure 27: Average Peak Force Decrease, Top-to-Bottom
The average peak force, end-to-end compression, increased
as the corrugation direction went from 90 to 0 degrees.
This increase was not linear as hypothesized. The increase
was as follows:
90 to 75 degrees 76.8 lbs. (30.4%) increase
75 to 60 degrees 65.9
lbs. (20.0%) increase
60 to 45 degrees 53.0
lbs. (13.4%) increase
45 to 30 degrees
42.2 lbs. (9.4%) increase
30 to 15 degrees
30.8 lbs. (6.3%) increase
15 to 0 degrees
27.1 lbs. (5.2%) increase
Figure 28: Average Peak Force
Increase End-to-End
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The following shows the average top-to-bottom displacement
change at peak force. As corrugation direction became more
parallel to the force, the displacement at peak force
decreased as hypothesized.
90 to 75 degrees -- -- 0 009 in . (2.9%) decrease
75 to 60 degrees -- -- 0 015 in . (5.0%) decrease
60 to 45 degrees -- -- 0 024 in . (8.4%) decrease
45 to 30 degrees -- -- 0 034 in . (12.9% decrease
30 to 15 degrees -- -- 0 038 in . (16. 6% decrease
15 to 0 degrees -- -- 0 069 in . (36. 1% decrease
Figure 29:Average Peak Displacement Decrease, Top-to-Bottom
The following shows the average end-to-end displacement
change at peak force. As corrugation direction became more
perpendicular to the force, the displacement at peak force
increased as hypothesized.
90 to 75 degrees
-- -- 0 055 in . (53. 4% increase
75 to 60 degrees
-- -- 0 053 in . (33.5% increase
60 to 45 degrees
-- -- 0 058 in . (27.5% increase
45 to 30 degrees
-- -- 0 030 in . (11.2% increase
30 to 15 degrees
-- -- 0 032 in. (10.7% increase
15 to 0 degrees
-- -- 0 022 in . (6.6%) increase
Figure 30: Average Peak Displacement Increase, End-to-End
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4.2.2 ECT Analysis
The average ECT value increased as the corrugation
direction went from 0 to 90 degrees. This increase was not
linear as hypothesized. The increase was as follows:
0 to 15 degrees -- -- 6 5 lbs/in (46.8%) increase
15 to 30 degrees -- -- 5 7 lbs/in (27.9%) increase
30 to 45 degrees -- -- 4 9 lbs/in (18. 9%) increase
45 to 60 degrees
-- -- 4 0 lbs/in (12. 9%) increase
60 to 75 degrees
-- -- 3 1 lbs/in (8. 9%) increase
75 to 90 degrees
-- -- 1 5 lbs/in (3.9%) increase
Figure 31: Average ECT Value Increase
The above calculations were based on test result data found
in Appendix B, Table B-l.
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5 . 0 CONCLUSIONS AND RECOMMENDATIONS
Most corrugated shipping containers today have vertical
corrugation, which provides the greatest compression
strength when containers are placed with their depth
dimension perpendicular to the ground. However, if these
same containers were placed on their ends, so that the
length dimension were perpendicular to the ground, the
corrugation would be horizontal resulting in a
significantly lower compression strength.
The compression strengths of corrugated shipping
containers and corrugated boards are greatly affected by
changing the corrugation direction. Corrugated shipping
containers have top-to-bottom and end-to-end compression
strength values more closely related when corrugation is
other than 90 degrees top-to-bottom. When corrugation is
at 30 degrees top-to-bottom, top-to-bottom and end-to-end
compression strengths are the closest in values.
The customer identified in this study will experience
less end-to-end compression damage when shipping through
small parcel environments, if corrugation is altered.
Corrugated shipping
containers that experience an equal
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end-to-end and top-to-bottom compression force during
transportation and storage benefit from a container
design with 30 degrees top-to-bottom corrugation.
A corrugated shipping container with vertical corrugation
that never experiences top-to-bottom compression damage,
and often end-to-end compression damage will benefit from
altering corrugation direction. This container is too
compression resistant top-to-bottom and not enough end-
to-end. By changing the corrugation direction by just 15
degrees, the top-to-bottom compression strength will
decrease only a small percentage, as the end-to-end
compression strength will increase at a much larger
percentage .
When designing corrugated shipping containers,
corrugation direction should be considered in providing
an overall protection from compression damage.
The procedure utilized in this research to construct
boxes with corrugation at various angles generates large
amounts of scrap material,
which would make finished box
cost prohibitive for general use. As die-cutting
corrugated continues to improve in technology and new
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operating features, manufacturing containers with
unconventional corrugation directions may be done more
often and cost effectively in the future. It is
recommended that the client investigate the cost of
producing corrugated shipping containers with
unconventional corrugation directions before ordering.
Constant-load and constant-rate compression testing of
die-cut, printed samples are also recommended. Knowing
the exact amount of end-to-end and top-to-bottom
compression strengths required will determine the optimum




Table A-l: BCT Results 90 Degree Corrugation
Top-to-Bottom Compression Results (90 degree corrugation to force)











Mean = 623.1 0.311
Maximum = 662 0.35
Minimum = 582 0.28
Deviation = 23.1 0.024
End-to-End Compression Results (0 degree corrugation to force)























Table A-2: BCT Results 75 Degree Corrugation
Top-to-Bottom Compression Results (75 degree corrugation to force)











Mean = 608.3 0.302
Maximum = 647 0.34
Minimum = 572 0.26
Deviation = 21.3 0.024
End-to-End Compression Results (15 degree corrugation to force)




















Table A-3 : BCT Results 60 Degree Corrugation
Top-to-Bottom Compression Results (60 degree corrugation to force)











Mean = 581.0 0.287
Maximum = 607 0.32
Minimum = 530 0.25
Deviation = 22.1 0.023
End-to-End Compression Results (30 degree corrugation to force)






















Table A-4: BCT Results 45 Degree Corrugation
Top-to-Bottom Compression Results (45 degree corrugation to force)











Mean = 530.5 0.263
Maximum = 565 0.30
Minimum = 493 0.23
Deviation = 19.8 0.023
End-to-End Compression Results (45 degree corrugation to force)




















Table A-5: BCT Results 30 Degree Corrugation
Top-to-Bottom Compression Results (30 degree corrugation to force)











Mean = 483.4 0.229
Maximum = 515 0.27
Minimum = 450 0.20
Deviation = 19.5 0.022
End-to-End Compression Results (60 degree corrugation to force)




















Table A-6: BCT Results 15 Degree Corrugation
Top-to-Bottom Compression Results (15 degree corrugation to force)











Mean = 423.9 0.191
Maximum = 447 0.22
Minimum = 387 0.17
Deviation = 18.0 0.017
End-to-End Compression Results (75 degree corrugation to force)




















Table A-7: BCT Results 0 Degree Corrugation
Top-to-Bottom Compression Results (0 degree corrugation to force)













Mean = 362.1 0.122
Maximum = 393 0.14
Minimum = 338 0.10
Deviation = 16.3 0.013
End-to-End Compression Results (90 degree corrugation to force)
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Table C-3: 60* Corrugation RSC
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Table C-5: 30* Corrugation RSC
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Table F-l: Compression Tester Certificate of Conformity
Courtesy: L.A.B. Validator BCT Instruction Manual
CERTIFICATE ofCONFORMITY
Customer: MacMillan Bloedel
Address: 365 Upper Oakwood Ave.
Elmira, NY 14903
Model: L.A.B. ValidatorBox Compression T
Job Number: 31235
SerialNumber: 11070119
Options: ValView forWindows Software Kit
2200 Lb. Force Capability
Rolling Test Stand.
Purchase Order: 28807
Ihereby certify that aprecise and comprehensive inspection ofthe
above mentionedgoods wasperformed upon completion of
themanufacturingprocess.
The goods werefound to be in complete conformance, regarding the
quality,
specifications, performance, quantity andweight, with the




Table F-2 : Compression Tester Calibration
Courtesy: L.A.B. Validator BCT Instruction Manual
VALIDATOR
CALIBRATIONRECORD



























400 +/- 4 400 400 0 400 0 i
800 +/- 8 805 805 +1 806 -1 1
1200 +/- 12 1210 1211 +2 1213 -3 i
1600 +/- 16 1600 1603 .+3 1606 -6 i














800 +/- 8 +1 j
1600 +/- 16 +3 1
2400 +/- 24 +5 1
3200 +/- 32 +3 I





Table F-3 : Compression Tester Specification






Validator 1 Box Compression Tester
11070119
Customer Macmilian Bloedel Containers
Address
Platen size















Complies with ASTM & TAPPI
1000 lbs. (with stand 1400 lbs.)
78"H (withstand 102"H)
Valview Software Kit.PC, Test Stand
c_jL__E_rc_c]
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7 . 0 GLOSSARY OF TERMS
0 Degree Corrugation: In an RSC, flutes run
perpendicular to length of slots. Also considered
horizontal because flutes run end-to-end of typical
container .
90 Degree Corrugation: In an RSC, flutes run parallel to
length of slots. Also considered vertical corrugation
because flutes run top-to-bottom of typical container.
Adhesive : A substance that joins two materials together.
This substance is used to glue plies of solid fibreboard
to the corrugated medium in combined corrugated board.
Also used to seal the manufacturer's glue joint and
sealing flaps in closing a box.
ASTM (American Society for Testing and Materials): An
organization that develops standards for evaluating the
characteristics and performance of materials, products,
systems, and services (Fibre Box Association, 1999).
Basis Weight: The measurement of 1000 sguare feet of
liner board and/or corrugated medium in terms of weight.
Box: A rigid container that completely encloses
contents .
Box Compression Test (BCT): A box's resistance to
compression, in terms of force and deflection.
Box Manufacturer Certificate (BMC) : A printed statement
located on each manufactured box for distribution. This
statement includes name and location of manufacturer,
ECT or burst Strength values, size and gross weight
limits, and package number.
Box Manufacturer: A location that has the ability to
slit, score, slot, print, and glue corrugated sheets into
boxes .
Bursting Strength: A test performed by the Mullen Tester
to measure the strength of corrugated board in pounds per
square inch.
Caliper : The thickness of corrugated board.
Compression Resistance: The ability of corrugated
material to withstand force and deflection.
Corrugated Medium: The fluted paper material that
adheres to the inner and outer liners of corrugated
board.
Dimensions : The three basic measurements of a box in the
order length, width, and depth. The length is larger of
the two dimensions of the box opening, as the width is
smaller of the two. Depth is measured perpendicular to
length and width.
Edge Crush Test (ECT): The resistance to compression that
corrugated board can withstand before failure. Measured
as pounds per inch of width.
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End-to-End Compression: Occurs when a box is placed on
its end panel, which is the width and depth dimension,
and force is applied. The length dimension is
perpendicular to force.
Facings: The inner and outer liners of single-wall
corrugated board.
Flutes: The medium, or wave-like material, between the
inner and outer liners of single-wall corrugated board.
Kraft Linerboard: Unbleached linerboard that is made from
sulfate heating.
McKee Formula: A Mathematical formula used to predict
the top-to-bottom compression strength of a corrugated
box .
Peak Displacement: The amount of deflection that a
corrugated container experiences at the point of peak
force .
Peak Force: The maximum amount of force that a
corrugated container, or board, can withstand before
failure (buckling) .
Regular Slotted Container (RSC) : A container with the
major and minor flaps equal in depth, and with the two
major flaps one-half the containers width (Fiber Box
Association, 1999).
International Box Code: 0201.
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Side-to-Side compression: Occurs when a box is placed on
its side panel, which is the length and depth dimension,
and force is applied. The width dimension is
perpendicular to force.
TAPPI (Technical Association of the Pulp and Paper
Industry) : An Association that develops procedures and
reports on pulp and paper studies.
Top-to-Bottom Compression: Occurs when a box is placed
on its top or bottom panel, which is the length and width
dimension, and force is applied. The depth dimension is
perpendicular to force.
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